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I g63,-Metabolism of fatty acid was studied in the isolated rat heart perfused with albumin-bound palmitate-C 14. Uptake of fatty acid by the heart was related to the concentration of fatty acid present and the molar ratio of fatty acid to albumin in the perfusion fluid. Disappearance of lipid-bound radioactivity from the perfusion fluid (palmitateCl4 uptake) was consistently greater than disappearance of titratable fatty acid. This was attributed to failure of equilibration of unlabeled "endogenous" fatty acid on albumin with added palmitate-Cl4 and possibly to release of unlabeled fatty acid from the heart to the perfusion fluid. The principal fates of palmitate-Cl4 were Cl402 and saponifiable tissue lipid. The maximal rate of recovery of palmitate-Cl4 as Cf402 was equivalent to 83 y0 of total CO2 production of the isolated perfused heart in 30 min.
T HE IMPORTANCE OF FAT as a fuel for heart muscle was first suspected from in vitro studies of the respiratory quotient of surviving mammalian heart from starved or diabetic animals (1 o, I I, I 3, 24, 3 I, 34) . In the absence of carbohydrate substrates, Barnes et al. (4) found that P-hydroxybutyrate metabolism accounted for a large fraction of the oxygen consumption of the dog heart-lung preparation, and Cruickshank and Kosterlitz (9) reported that endogenous heart fat and blood fatty acid were utilized in these circumstances. In 1946, Lehninger (26) showed that rat heart muscle suspensions possessed the necessary enzymes for complete oxidation of fatty acids, and subsequently several groups of investigators demonstrated that isotopically labeled fatty acids of varying chain length were oxidized in heart slices (27, 35, 36) , homogenates (I, 2, 27) , and in the perfused heart (8, 27) . Utilization of long-chain fatty acids by the heart in vivo was measured in humans and dogs by comparison of the concentration of fatty acid in arterial and coronary sinus blood at cardiac catheterization (3, 5, 7, 22, 28, 29) . The subsequent fate of the fatty acid was not determined but the low respiratory quotient of heart muscle in fasting and diabetic subjects implied that in these circumstances fat was the chief substrate for oxidative metabolism (I 7, I 8, 33) . In some instances, myocardial extraction of fatty acid exceeded the quantity of oxygen available for its complete combustion, and storage of lipid was postulated (5) l In the present investigation the metabolism of fatty acid has been studied in the isolated perfused rat heart by direct measurement of the uptake and major metabolic fates of CF4-labeled palmitic acid. Special consideration has been given to the influence of albumin in the perfusion fluid on the extraction of fatty acid by the heart. In later experiments the CO2 content of the perfusion system and its specific activity were measured directly by flushing out the system with nitrogen at the end of perfusion, trapping CO2 in a column of dilute sodium hydroxide, and precipitating it as barium carbonate. CO2 production of the heart was determined by comparing CO2 content of the system at the beginning and end of perfusion; the value obtained in I 2 hearts, I 05.7 & 4.8 pmoles/g wet wt. for 30 min perfusion, is in good agreement with measurements of oxygen consumption of the isolated beating heart (I 4) if a respiratory quotient of 0.7 is assumed for studies with lipid as substrate.
At the end of perfusion the heart was removed, incised widely, rinsed with cold buffer, blotted dry, weighed, and digested in 3 ml 30 % potassium hydroxide at I oo C for 15 min. Glycogen was precipitated from the potassium hydroxide digest by the addition of ethanol to 65 %. an aliquot was used for measurement of radioactivity. To test the adequacy of saponification for 15 min at I oo C in 30 % potassium hydroxide, saponifiable tissue lipid was measured simultaneously by the method t just described and by the following method: total lipids of heart mince were extracted twice with 20 vol. chloroform:methanol (2: I), purified by washing with salt solution (I 5), and the extract was dried, saponified in 2 ml 0.5 N potassium hydroxide in.95 % ethanol, acidified, and extracted with ethyl ether. In I 2 hearts total saponifrable tissue lipid was identical when measured by the 2 methods (P = 0.5). Nonsaponifiable tissue lipids were not routinely measured since this fraction was found to account for less than z % (I .7 =t 0.2) of the uptake of palmitate-Cl4 in I 2 hearts. Acetone-yielding ketoacids ('<ketone bodies") were measured by a method (6) modified from that of Greenberg and Lester after precipitation of protein from the perfusion fluid with barium hydroxide and zinc sulfate. Lactate in the perfusing fluid was measured enzymatitally as previously described (30). Radioactivity was measured in the thin end-window proportional flow counter and correction factors applied for self-absorption
All results, except the per cent uptake of palmitate-Cl4 and titratable fatty acid were corrected to I g wet wt. of heart and are expressed as mean zt SE.
RESULTS
Relation of fatty-acid metabolism to duration of perfusion.
The metabolism of palmitate-I -Cl" was studied in hearts perfused for I 5, 30, 45, and 60 min with 0.5 g/r oo ml albumin and 0.68 mM fatty acid to provide some indication of the stability of metabolism of fatty acid in the closed perfusion system (Table  I ). The visible performance of the hearts was satisfactory up to 60 min as judged by rate, amplitude of contraction, and coronary flow. The rate of disappearance of titratable fatty acid and of palmitate-C l4 from the perfusion fluid was most uptake at all the concentrations of fatty acid studied.
The combined recovery of radioactivity as Cl402 and saponifiable tissue lipid ranged from over go % of the palmitate-Cl4 uptake at low fatty acid concentrations to 66 % at 0.85 mM fatty acid, The precise fate of the remaining radioactivity was not identified, but in subsequent studies with 0.5 mM fatty acid radioactivity equivalent to 7-12 % <of the palmitate-Cl4 uptake was found in the "salty wash" of the chloroform: methanol extract of heart mince (I 5) and a further 1-2 % in the desiccated muscle fragments, Radioactivity in ketone bodies was not measured but the concentration of ketone bodies in the perfusion fluid was low and showed no apparent relation to the uptake of fatty acid.
Glycogenolysis during perfusion was partly accounted for by the quantity of lactate released to the perfusion fluid.
E$ect of albumin concentration on uptake of titratabb fatty acid and palmit&-C 14, The uptake of titratable fatty acid and of lipid-bound radioactivity (palmitate-C14) were compared with various fatty acid concentrations and either 3 or 0.5 g albumin IOO ml perfusion fluid. Since the albumin used carried 16 pmoles/g endogenous titratable fatty acid, the quantity of palmitate-Cl4 added to perfusion fluid with 3 g albumin/~ oo ml was much less than that required to give comparable fatty acid concentrations in perfusion fluid with 0.5 g albumin/ IOO ml. The paired observations in Table 3 indicate that in each case the uptake of titratable fatty acid was much less with 3 g albumin/100 ml than with 0.5 g/100 ml. This difference was present but less marked at higher fatty acid concentrations since the proportion of available fatty acid removed by the heart was smaller with 0.5 g and slightly larger with 3 g albumin/~oo ml. The discrepancy between the uptake of palmitate-Cl4 and titratable fatty acid was again noted in these experiments, being greater with 3 g albumin/~ oo ml perfusion fluid and most marked when the molar ratio of fatty acid to albumin was close to I + These observations suggested that the divergence between values for uptake of titratable fatty acid and palmitate-Cl4 was greatest in situations when the quantity of palmitate-C14 added to the perfusion fluid was small in relation to the amount of endogenous fatty acid already bound to albumin.
Metabolism of j~a/rnitate-C~~ radioisomers. Perfusion fluid with 0.5 g albumin/IO0 ml and 0.5 mM fatty acid was prepared with palmitic acid labeled in the C1, Cp, and Cl1 positions. The results recorded in Table 4  demonstrate that the over-all pattern of metabolism of the three radioisomers was similar but that with palmitate-&CL4 a smaller fraction of the uptake was oxidized to Cl402 and the total recovery of radioactivity was less. The discrepancy between values for palmitate-Cl4 uptake and titratable fatty acid uptake was of comparable magnitude with each of the isotopes.
DISCUSSION
Studies with labeled palmitate in the closed perfusion system indicate that fatty acid serves as a satisfactory metabolic fuel for the isolated rat heart. Performance of the heart as judged by its rate, amplitude of contraction, and coronary flow remained reasonably stable during 60 min perfusion and the uptake and oxidation of labeled palmitate were found to proceed actively throughout this period. As a routine, the duration of perfusion was limited to 30 min to minimize possible alterations in the metabolic pattern resulting from decreasing availability of substrate, falling oxygen tension, or change in pH from accumulation of COZ. Under these conditions satisfactory performance of hearts was observed with fatty acid concentrations ranging from o. I 25 to 0.85 mM in association with 0.5 g albumin/~ oo ml, although not at higher fatty acid to albumin ratios. The uptake of fatty acid by the heart increased ace 769 Two deviations from this general relationship, however, should be noted. First, at any given fatty-acid concentration, the disappearance of titratable fatty acid was less when the albumin concentration in the medium was 3 g/Ioo ml rather than 0.5 g/I oo ml. This depressant effect of albumin on fatty-acid uptake would be in keeping with the high association constant between long-chain fatty acids and albumin at low molar ratios (16, I g-2 I). Second, the disappearance of lipid-bound radioactivity (palmitate-CL4 uptake) was always greater than the simultaneously measured uptake of titratable fatty acid and this discrepancy was greatly increased when the molar ratio of fatty acid to albumin was less than 2. Since these observations raise questions as to the adequacy of the methods used, it should be emphasized that with each sample duplicate aliquots for titration and measurement of radioactivity were taken from the heptane phase of the extraction mixture (I 2). A falsely low value for uptake of titratable fatty acid might have resulted from accumulation of more polar acids (lactic acid, ketoacids, or short-chain fatty acids) in the final perfusion fluid. However, the measured quantities of lactate and ketone bodies were small and the difference between the uptake of palmitate-Cl4 and titratable fatty acid was not reconciled by washing the heptane phase of the extraction mixture with acidified water (32), by back extraction into blank lower phase (I 2), or by use of an alternative extraction method (23). Measurement of radioactivity in the gas-flow counter was checked in a liquid-scintil--lation system and similar values were obtained.
Further ble fatty acid and indicated that the metabolism of palmitate-1 -Cl4 in our system was a reliable index of the fate of all z-carbon fragments in the molecule. The fall in specific activity in the final perfusion fluid could also result from isotope dilution with unlabeled fatty acid released from the heart during the course of perfusion or from the presence of unlabeled fatty acids on albumin which were less readily extracted by the heart than was the added palmitate-CY4.
The latter concept is supported by the observation that the greatest discrepancy between the uptake of titratable fatty acid and palmitate-Cl4 was noted at molar ratios of fatty acid to albumin less than z when the quantity of endogenous unlabeled fatty acid on albumin was large in relation to the amount of palmitate-Cl4 added. 
